University of Central Florida

STARS
Electronic Theses and Dissertations, 2004-2019
2014

Modeling and fault detection in DC side of Photovoltaic Arrays
Mohd Akram
University of Central Florida

Part of the Electrical and Electronics Commons

Find similar works at: https://stars.library.ucf.edu/etd
University of Central Florida Libraries http://library.ucf.edu
This Masters Thesis (Open Access) is brought to you for free and open access by STARS. It has been accepted for
inclusion in Electronic Theses and Dissertations, 2004-2019 by an authorized administrator of STARS. For more
information, please contact STARS@ucf.edu.

STARS Citation
Akram, Mohd, "Modeling and fault detection in DC side of Photovoltaic Arrays" (2014). Electronic Theses
and Dissertations, 2004-2019. 4847.
https://stars.library.ucf.edu/etd/4847

MODELING AND FAULT DETECTION IN DC SIDE OF PHOTOVOLTAIC ARRAYS

by

MOHD NAFIS AKRAM
B.S. American International University-Bangladesh, 2008

A thesis submitted in partial fulfillment of the requirements
for the degree of Master of Electrical Engineering
in the Department of Electrical Engineering and Computer Science
in the College of Engineering and Computer Science
at the University of Central Florida
Orlando, Florida

Summer Term
2014

Major Professor: Saeed Lotfifard

© 2014 Mohd Nafis Akram

ii

ABSTRACT
Fault detection in PV systems is a key factor in maintaining the integrity of any PV
system. Faults in photovoltaic systems can cause irrevocable damages to the stability of the PV
system and substantially decrease the power output generated from the array of PV modules.
Amongst the various AC and DC faults in a PV system, the clearance of the AC side faults is
achieved by conventional AC protection schemes , the DC side , however, there still exists
certain faults which are difficult to detect and clear. This paper deals with the modeling ,
detection and classification of these types of DC faults.
It is essential to be able to simulate the PV characteristics and faults through
software. In this thesis a comprehensive literature survey of fault detection methods for DC side
of a PV system is presented. The disparities in the techniques employed for fault detection are
studied. A new method for modeling the PV systems information only from manufacturers
datasheet using both the Normal Operating Cell temperature conditions (NOCT) and Standard
Operating Test Conditions (STC) conditions is

then proposed .The input parameters for

modeling the system are ISC, VOC, IMPP, VMPP and the temperature coefficients of ISC and VOC for
both STC and NOCT conditions. The model is able to analyze the variation of PV parameters
such as the ideality factor ,Series resistance , thermal voltage and Band gap energy of the PV
module with temperature. Finally a novel intelligent method based on Probabilistic Neural
Network for fault detection and classification for PV farm with string inverter technology is
proposed.
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CHAPTER ONE: INTRODUCTION

The solar energy sector has been growing rapidly over the past decade, a report published
by the Interstate renewable energy council in 2013 [1]brings into perspective the current trend in
the use of solar energy in the electricity market of U.S. The trends indicate the capacity of grid
tied PV installations in the U.S in 2012 increased by 80 percent compared to that of 2011 and an
amount of 65 % over the last 10 years and it is predicted to grow even further as the global
energy demands increase.

Figure 1: Annual Installed Grid-Connected PV Capacity by sector in the US(2003-2012) [1]

The JRC scientific and policy report states in the PV status Report 2013 [70] that the
annual production of photovoltaic modules is between 35 to 42 GW, and shows an increase of
10% compared to 2011. Over the last decade , the compound annual growth was about 55%
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which also makes the solar panel technology one of the fastest growing industries at the present.
Figure 2 shows the growth in world wide PV module production.

Figure 2 World PV Cell/ Module Production from 2005 to 2012 [70]

The trend clearly indicates that there is a significant growth in the PV installations over
the years . However with this growth comes the need to ensure optimum performance of the
PV systems. A monitoring study on several PV systems over a 2 year long period in UK
indicates that , the annual energy losses caused as a result of faults were a maximum of 18.9 %
for a particular site [2]To prevent PV systems to suffer such losses , proper fault detection and
clearance scheme is necessary. Also to be able to efficiently clear out the fault after occurrence ,
correct classification of the fault is required.
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To clear the faults in the AC side of the PV system , existing AC protection schemes for
distribution systems is easily employed and fault clearance can be achieved. However in DC side
of the PV systems ,due to the unpredictable nature of the PV output power generation, various
challenges still exist for fault clearance. The need for effective protection on the DC side of the
PV plants has also been emphasized in [4] which does a case study of an actual fault occurrence
in a 1 MW plant. The basic form of PV DC side protection are brought about by fuses.
Conventional fuses are thermal devices .As per National Electrical Code standards[3] , the fuses
break the circuit in the PV field when fault current greater than at least 1.56 times its rated short
circuit current flows through it. Open circuits in this case and some special cases of Short Circuit
[5],[6],[7] may still remain undetected and not be cleared giving rise to chances of fires or dc
arcing hazards as stated in [5][4][8]. This paper thus addresses these issues and the main
objectives met through this paper are
1.

Review the literature up to date on the fault detection in the DC side of the PV

system , then classify the methods proposed into several categories that appropriately fit .
2.

Propose a new method based on NOCT and STC extracted from manufacturers

datasheet parameters to comprehensively model the PV system .
3.

Implement an intelligent method for fault detection and classification of Open

circuit faults and Line-Line faults in DC side of PV system using Probabilistic Neural Network
and propose a new simple time based method for detecting the partial shading in large grid tied
PV systems
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1.1 Problem definition
1.1.1 Review and analysis on Faults on the DC side of a PV system
Although many literatures as listed in TABLE I are available which provide a reference
of the various fault detection methods proposed on the DC side of a PV system they lack the
explanation of application difference which would be useful for manufacturers or scientists . This
paper provides a detailed analysis of the methods and how they differ from each other.
Currently for fault detection and isolation in the DC side of the PV system Overcurrent
protection devices mostly fuses or circuit breakers are used to isolate the faulted DC side of the
PV system. These devices are also not able to detect various faults unique to the PV system
[5].Currently if defects are found in the panels of a PV system ,methods to find out the defect
require the use of thermal imaging cameras [9] or infrared imaging devices [10] which requires
the need of manually going module by module taking the images and then further image
processing [11] to identify the type and location of the fault. Automatic systems for anomaly
detection in the DC side of the PV systems is thus needed for remote signaling for the detection
and classification of the fault. Various methods has been proposed as listed in TABLE I over the
years and each vary from one another in some respect or the other, research is still ongoing in
this field and the literature review in this paper aims to differentiate in detail the main differences
in the methods presented so far and further categorize them in 6 broad groups.

1.1.2 Modeling of the PV system from manufacturers data sheet:
To meet the system requirements PV module arrangements vary from tens to thousands
of module configuration depending on the scale of the project. Furthermore PV modules vary
4

from each other in terms of types of material used and fabrication methods. Each type of module
thus has unique electrical characteristics which are tested under different laboratory conditions
and their performance represented under STC and NOCT conditions in the specific
manufacturers data sheet.
Thus to investigate the performance of the PV system for a specific plant in a simulated
environment it is

necessary to have a model which can create and exact replica of the

manufacturer datasheet characteristics. Various methods has been proposed before for this in
previous literatures but has certain limitations which is discussed in SECTION III of this paper.
And eventually a method has been proposed using both STC and NOCT manufacturers data
which can model effectively and correctly the PV output characteristics with varying
environmental inputs.

1.1.3 Fault detection using PNN based machine learning technique
Various methods have been already proposed in previous literatures about the fault
detection methods , this will be analyzed in detail in section III. This paper uses for the first time
the Probabilistic Neural Network based method to detect and classify the fault as well as locate
the faulted string of the PV array in a typical grid tied distributed Inverter PV system . This
method uses the sensors already available to the PV system such as Voltage, Current , Irradiation
and temperature to detect and classify the faults. The technique and results obtained is presented
in detail in Section 5.5
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1.2 Organization of the Thesis
The introduction of this thesis defines the problem statement and what the objective of
the thesis is. The following section and Chapters first gives a background information and then
elaborates on the problem and how the thesis overcomes these issues.
Chapter 2 gives a comprehensive review of the solar Cell/ module and array
configurations, it discusses the type of solar cells most commonly used, their differences,
discusses the different devices and components which are used in the Grid Connected and
Household PV system. It aims to systematically prepare the reader for understanding the
problem statement .
Chapter 3 provides a full review and detailed analysis on the faults on the DC side of the
PV plants. A table is also derived for the different methods based on the application. This table
and analysis aims to provide researchers and scientists a starting point of investigation when
working on this field. The table differentiates all the proposed fault detection methods proposed
on the DC side of the PV system based on the measurement sensors required, algorithm used for
fault classification and detection, method of validation used in the proposed fault detection
system , the type of PV system the fault detection method is applicable for and finally the types
of faults it is able to detect and classify.
Chapter 4 describes the need for modeling of the PV system and previous work done in
modeling of the PV system , it then discusses limitations regarding some of the previous
methods on modeling of the PV module from manufacturers data sheet. Finally it proposes a
new method for modeling of the PV cell and module from manufacturers data sheet, the model is
then implemented in MATLAB and the results shown.
6

Chapter 5 proposes a novel intelligent method of fault diagnosis and detection based on
Probabilistic Neural Network , it also proposes a time based partial shading detection method for
large grid tied PV arrays. The simulation results are then presented .
Chapter 6 gives conclusion and discussions based on the findings from this research.
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CHAPTER TWO :THE PHOTOVOLTAIC SYSTEM
The building block of a PV system is the PV cell. A number of PV cells when connected
in series and parallel, it forms a PV panel. A PV cell and a panel can be of different technology
based on the material which is used for fabrication. A further analysis on the different PV cell
technology is done in section 2.2. Multiple PV panels when connected in series forms a PV
string. A number of PV string when connected in a series or parallel combination, a PV array is
formed. In a large grid tied PV system there can be tens to hundreds of PV arrays depending on
the MW generation required by the utility.

Figure 3: PV system nomenclature

The PV system alone generates only DC output power, to feed to the utility grid, they are
connected through a combination of DC-DC converters, DC-AC inverters, charge controllers and
transformers which eventually is able to feed to the utility grid. Section 2.3 will discuss the
different components of a PV system. Section 2.1 will discuss the PV cell structure and different
PV cell technologies available and Section 2.2 will discuss the electrical modeling of the PV
cell. A typical grid connected PV system with multiple PV arrays is shown in Figure 4. If the
utility requires the provision of power supply during night time then , separate battery banks can
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be connected to DC side of the inverter . The PV system can charge these battery banks and
provide power supply to the grid . These battery banks can also provide backup supply when
they are not being charged by the PV panels.

Figure 4 : A typical Grid connected PV system

2.1 Structure of the Solar Cell
The solar cell as stated before forms the building of the PV system, the structure of the
solar cell eventually determines the efficiency of the entire PV system .The solar cell (Figure 5)
is essentially a p-n junction semiconductor device having characteristics similar to that of a diode
but is able to generate an electron flow when exposed to sunlight. Photons from the sunlight are
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then absorbed by the semiconductor and then able to set loose the electrons from their atoms.
The p-type and the n-type semiconductor form the p-n junction .

Figure 5: Solar Cell [72]

If incident photons have energy that is greater than the band gap of the semi-conductor ,
electron-hole pairs are generated when the incident photons are absorbed. The p-type
material(eg. Boron doped with silicon) when placed in contact with the n-type material(eg.
phosphorus doped with silicon) there is a diffusion of electrons (Figure 6)from the p-type
semiconductor to the n-type semiconductor through the depletion region. As the electron flows
from the p-type material to the n-type material an external circuit with a load when connected
allows the flow of electric current through the circuit.

10

Figure 6:Internal Structure of a Solar Cell[73]

There is a vast amount of study and research on the physics of solar cells but this is not
the scope of this this thesis. The characteristic input and output of the solar cell under different
conditions are enough for the fault detection method .

2.2 Types of Solar Cell
The three most common types of solar cells used for PV panels are mono crystalline
silicon , polycrystalline silicon and thin Film solar cells. Although there are other types of solar
cell technology like that of the Hybrid technology which uses both crystalline and amorphous
silicon , the three most common types found in the market are as below. The Table below
summarizes the different type of solar cell technologies.[74]
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Table 1 :Types and properties of different Solar technologies[72-74]

Crystalline Solar Cell
Mono Crystalline
Poly Crystalline

Thin Film Solar Cell

Picture of
CELL

Picture of
Panel

Advantages




Disadvantag
es




Applications




Efficiency



Higher
efficiency than
Polycrystalline.
Advantageous for
applications where
space is limited
specially rooftops.



Costlier than Poly
Crystalline and Thin
Film
Susceptible to shade
and temperatures



House hold PV
systems
Grid Connected PV
systems



15% to 20%





Cheaper than Mono
Crystalline Solar
Panels
Performance better in
warmer conditions
when compared to
Mono Crystalline.



Lower Efficiencies
than mono crystalline
Panels.











House hold PV
systems
Grid Connected PV
systems



13% to 16%







Market Share.
Production(201
2)

40.313 %

45%

12

Better performance in
higher temperatures.
Able to adopt to different
types of surface and is
flexible ,better for
applications where the
surface is curved.
Least Expensive to produce
amongst the three types.
Low Efficiencies(
Amorphous Silicon mostly
used for Solar Panel
Applications)
Less proven Reliability due
to its relative newness in
solar panel applications.
More advantageous for
House hold PV systems
since the shape is easily
adaptable to rooftops.
Grid Connected PV
systems.
Amorphous Silicon: 5% to
7%
Copper Indium Diselenide
:9% to 11%
Cadmium Telluride:7%
14.3%

2.3 PV system Components

2.3.1 The PV panel
Figure 7 shows the typical structure of a PV panel. The top surface of the PV panel is
transparent, which is typically glass, then an encapsulate which is typically EVA( Ethyl vinyl
acetate) and then the layer of crystalline PV cells and finally a bottom layer of Polyvinyl
Fluoride Film[75].

Figure 7 : Typical structure of a crystalline PV module [76]

There are several choice parameters for selecting which type of material should be used
for the different layers in a PV module. The top Surface material must have high wavelength
transmission with range of 350 nm to 1200 nm, it also should have low reflective properties. In
some cases to reduce reflection anti-reflection coating can be used. The top surface should also
13

be less prone to dust or dirt accumulating in the surface , have to be also impervious to waters ,
and it also has to be rigid. The materials for this surface is typically polymers, acrylic and glass.
For low cost PV panels , tempered, low-iron content glass is most commonly used, these low
iron-content glass has the advantages of low cost, strong, stable , impervious, highly transparent,
good self-cleaning properties impervious to water
The encapsulate which is the EVA as shown in the figure provides adhesion between the
top surface, solar cells and the bottom of the PV panel. This material should be stable at high
temperature and high Ultra Violet exposure.
The bottom surface of the PV module should have low thermal resistance and it has to
stop any water or moisture from entering the panel. A polyvinyl fluoride (Tedlar) which is a thin
polymer sheet, is mostly used for the rear surface.
The frame which holds the module together is normally made of aluminum, the frame
has to be made in a way such that , water cannot enter the PV module through the rear, it must be
made such that , water dust or other materials don’t accumulate [75].

2.3.2 Inverters Technologies
Today’s electrical grid is mostly an AC system, the power produced by the solar panels is
however is DC. To make this DC output power useful for commercial purposes and household
purposes it has to be converted to AC power. This is achieved by the use of inverters. However
the PV inverters are different

from normal inverters in the sense that they have to have

maximum power point tracking system and anti-islanding protection incorporated in the inverter
itself. These features will be discussed in detail later in the section.
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2.3.2.1 Inverter MPPT
The maximum power point tracking (MPPT) is a method which the inverters in a grid
connected PV system use to obtain the maximum power point from the PV panels. The output of
the PV panels or group of PV panels vary greatly with the environmental conditions such as
irradiance and temperature as shown in the I- V curves in Figure 8. The MPPT system uses
various methods to extract the maximum power from the PV modules.

Figure 8 : I-V characteristics of a PV panel under varying temperatures and irradiance .’

The technical details of the extraction techniques of maximum power ,employed by the
MPPT system are beyond the scope of this paper. The most common strategy

employed

however for the maximum power point tracking is the Perturb and Observe method. Other
commonly used methods are the incremental conductance method, Current Sweep method [78].
In[78] the author indicated 19 methods of the MPPT tracking techniques , the methods are all
contrasted in this paper

15

2.3.2.2 Inverter arrangements in the PV system
There can be several configurations that a inverter can have in regards to the system
requirements. In this thesis a string inverter topology has been used for the fault detection and
diagnosis. The most common inverter arrangements are (Figure 9 ) central inverter systems,
string inverter systems , multi string and module inverter systems.

Figure 9: Typical Inverter Arrangements for PV systems

For Grid connected PV farms, the central inverter system is most common and widely
used. The advantages are low capital costs, since increasing the number of inverters increases the
cost associated. The disadvantages are however low observability of the PV plant. Module
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integrated Inverter technology is shown to be most reliable [30] . But these systems prove to be
very expensive for large PV farms since every panel needs to have an inverter attached to it.
These are more used in household applications.
Recently the use of micro inverters in PV systems has also been increased, especially
since the advancement in silicon technology, these inverters are smaller in size, has less power
losses and are small enough to be a component part of the solar panel. The panel itself comes
with AC ratings instead of DC and can be directly used in any commercial or household
applications by directly integrating with the AC grid [79]

2.3.3 PV system Protection Devices
2.3.3.1 Bypass Diodes
Bypass diodes are installed parallel to the PV cells in a PV module, usually for a 36 cell
or 72 cell PV panel, they are installed parallel across multiples of 12 cells in the module. Bypass
diodes close the circuit during an open condition, thus avoiding the total string loss during the
case of an open module or cells in a PV system. Bypass diodes also protect the PV module from
hot spots formed during partial shading. A hot spot is formed when a cell or number of cell in a
PV module is not exposed to sunlight, this results in a higher contribution of current from the rest
of the sunlight exposed PV module/ string into the unexposed region of the PV module. This
higher string current when concentrated into this region, can cause breakdown of the PV cell,
and permanently damage it. It can also shatter the upper layer of the PV module which is made
of various variants of glass. The bypass diodes creates an alternate path for the current flow in
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this case, protecting the PV module and allowing the continuity of the circuit. The principal
operation is shown in Figure 10

Figure 10 (a) Module during normal condition (b)bypass operation during partial shadow

2.3.3.2 Blocking Diodes
Blocking diodes prevent back fed current to enter into the PV field when the PV system
is connected to a battery bank or the grid [6]. There can be two cases how there can be a back fed
current into the field. First is in the case of normal operation , at night when the PV field is not
producing any output power then the current supplied by the DC battery bank can feed into the
PV system as the PV system can act as a load. This can cause damages to the PV modules. In the
second case if there is a short circuit fault in the PV field then fault current from external
18

sources outside the PV field can enter into the PV system causing excessive short circuit
current to flow to the PV field. This is also not desirable as it can give rise to excessive PV panel
damages through fire and excessive degradation. Figure 11 shows the implementation of the
Bypass diode in the PV system

Figure 11 : Implementation of Blocking Diodes in the PV system

2.3.3.3 OCPDs
Overcurrent Protection Devices (OCPDs) that are employed in the PV systems are
normally fuses which as per US National Electric Code (NEC) requirement have to have a
minimum rating of 1.56 times short circuit current of the PV system. The NEC code also requires
that these fuses are installed at the end of every string in the PV system[3]. The implementation
of these fuses into a PV system are shown in Figure 32.
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2.3.3.4 GFPDs
As per NEC requirements [3] ground fault protection devices (GFPDs) is required for
grounded dc PV systems. They are also required in some cases for ungrounded PV systems.
They are generally installed in the negative Busbar of the PV system and the system grounding.
These protection devices are generally fuses or circuit breaker with trip or break current rating of
0.5 A [81]

2.3.3.5 Inverter Integrated Overcurrent, Overvoltage and Earth Fault monitoring.
The PV inverters generally have earth fault monitoring, Overcurrent , Over Voltage and
under voltage protection and string monitoring capabilities. When the inverters detects any of
these conditions it interrupts the circuit by tripping the inverter integrated circuit breaker. These
protection features are required for large PV farms or string and central inverter systems. Module
integrated inverters do not need all of these protection features.

2.3.3.6 Inverter Integrated Anti-Islanding Protection
A grid tied inverter needs to shut down in case there is a failure in the grid. When the PV
system An “island” is a small section of the grid that generally is assumed to have no power
when there is no power in the feeding side of the PV system. This generally can happen when the
breaker or disconnect from the remote side of the PV farm is left open, and the PV circuit
breakers are closed. In such a case it may be assumed that there is no power in the feeding side
of the PV system, to ensure that there is no power an anti-islanding protection feature is required
in the PV system. This protection shuts off the inverter when it sees that there is no power on the
AC side of the inverter. Generally the grid tied inverter is only left on when there is power in
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both the grid side and the DC PV side. This ensures safety of workers who are working on the
AC side of the PV system but before the remote breaker or disconnect of the PV system.

2.4 Electrical Circuit Equivalence of a solar cell
For simulating the characteristics of a solar cell in a software based simulated
environment , it is necessary to represent the solar cell in terms of basic electrical components.
These models help users reproduce the I-V characteristics of a solar cell from its electrical
equivalent.

2.4.1 The Static Model of Solar Cell
The Static models are most commonly used models of a solar cell, especially because of
the ease of its parameter modeling and unknown parameter extraction. The static model can be
represented by the single diode and the two diode mode (Figure 12)l, The single diode model is
the more commonly used model , this paper also models the solar cell using the single diode
model. The reason for the single diode model being more commonly used is the fact that it has
less parameters and can be relatively easily extracted when compared with the double diode
model. The numerical method for parameter extraction of a single diode model also converges
faster

than the double diode model. The single diode model is shown to represent the

characteristics of a PV cell accurately [45]
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Figure 12: (a) Single Diode model of a solar

(b) Double diode model of solar cell [45]

The general equations for the single and double diode can be found using Kirchhoff’s
Current Law and is given by:
For the single diode model the output current equation is given by
(1)

or
(

(

)

)

(2)

For the double diode model the output current equation is given by
(3)

or
(

(

)

)

Where
( )
( )
( )
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(

(

)

)

(4)

( )
( )

( )
( )
( )

( )

2.4.2 The Dynamic Model
The static model is perfect for slow change is solar irradiation and load, however in
some cases the behavior of the solar cell during transients and it’s operation when the PV string
interacts with switching converters is necessary[45] . The dynamic model aims to fill that gap by
providing a parallel capacitance and a series inductance into the circuit. However the dynamic
model is difficult to model from manufacturers data sheet as is done in this thesis because the
parameter extraction of the capacitance and the inductance requires various

experimental

techniques [83]and cannot be done through mathematical iteration or process.
The parallel nonlinear diffusion capacitance in the dynamic model is used to model the
effect of the excess minority carriers stored in the quasi-neutral region of the p-n junction of the
PV cell.[45] .The parallel capacitance Cp is the sum of junction , diffusion and breakdown
capacitance. These capacitance values depend on the cell temperature and the operating voltage.
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Figure 13 Dynamic model of the PV cell [45]

Their equations are given as follows[82]
(5)
√

Where

is the junction capacitance that is derived from the charge that is stored in the

depletion region of the cell p-n junction.
junction potential ,

the zero voltage capacitance,

is the diode voltage and

is the zero-voltage

is the number of PV cells in series.
(

)

(6)

( )

Where

is the diffusion capacitance and is derived from the neutral region of the

semiconductor outside the depletion region,

is the diode junction current,

is the mean

carrier life time.
(

)

( )

Where

is the breakdown capacitance when cell goes to reverse breakdown,

effective carrier life time . Finally we have the parallel capacitance as
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(7)

is the

(8)

(9)
( 10 )

Using these equations the dynamic characteristics of the PV cell can be found. However
the extraction of the parallel capacitance values require experimental techniques . The extraction
of these parameters has been shown in [82] and it is beyond the scope of this research to go into
the details of those methods.
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CHAPTER THREE:REVIEW OF PREVIOUS WORK ON FAULT
DETECTION ON DC SIDE OF PV SYSTEMS

The literature survey is based on an analysis of proposed automatic fault detection
methods on the DC side of the PV string/array . Most of the fault detection systems on the DC
side of the PV plant can be categorized in one of the methods as prescribed in the Table 1,
however the methods proposed vary from each other in terms of the types of faults identified by
the method, the types of measurement sensors required to bring about the detection, the most
feasible application for the proposed method and the method employed to bring about the test
results in the paper , whether a simulated computer aided method or purely experimental
validation was done to present the results is also a consideration when users would wish to
implement the aforementioned fault detection method. A comprehensive comparison and
analysis has not been done before on this field and is necessary for both manufacturers and
scientists who wish to develop and enhance protection systems related to faults in the DC
systems in the PV utilities. The table presented reviews in details the methods of fault detection
to date and provides a visual and analytical representation of how each method of fault detection
varies from one another. It is a notable fact that all these proposed methods require monitoring
systems to provide PV parameter information.
A total of 32 papers has been found which proposes different fault detection methods on
the DC side of the PV plant. Figure 14 shows the number of papers published over the years . It
can be seen that the study on the fault detection methods on the DC side of the PV system is
relatively new.
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Figure 14: Number of papers published on fault detection on DC side of PV plant

Table 1 shows how the methods for fault detection are different from each other in terms
of
•

Faults Detection Method

•

Types of Fault Identified

•

Monitoring Devices required for Fault detection

•

Target Application

•

Method of validation used for fault detection

A Brief explanation of the 5 classes are stated below .
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3.1 Fault Detection Method
Based on the types and methods of measurement data used for the fault detection
method, the Automatic photovoltaic DC side Fault detection method can be classified into 6
broad categories as shown in Figure 15. Their descriptions and details area given below
Photovoltaic DC
Side Fault Detection
Methods

METHOD 1:
DDM

METHOD 2:
ACMT

METHOD 3:
PELA

METHOD 4:
MLT

METHOD 5:
HETM

METHOD 6:
EIM

Figure 15 Types of proposed method for fault Detection

Method 1- Direct difference measurement between expected and measured current, voltage or
power (DDM):

Figure 16 : DDM method schematic
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This method is based on difference measure between calculated expected values of PV
yield and measured or actual output PV yield values. A diagrammatic representation of this
method is shown in Figure 16 . These methods typically set thresholds below or above which
fault signals arise. Some of the notable points for the DDM employed fault detection methods are
stated now. In[12] extended correlation function and matter element method was used to identify
faults, however this method is only able to identify LL faults in between strings of the PV arrays
and not between the positive and negative of the same PV string. This method is also not able
to detect open circuit faults in the PV array. In [13] apart from detecting the fault by DDM
method, a cell reconfiguration method is proposed to minimize the power loss in faulted
condition. The cell reconfiguration method however is not practical since the PV cell
reconfiguration method would require the PV panels to be physically redesigned, this is not
practical since the whole process of manufacturing the PV panel has to be manipulated. In [18]
Statistical data mining outlier detection method is employed ,it uses the Irradiance and
temperature from weather stations and uses the statistical tool to detect a fault in the PV module.
However this method employs measurement sensors for every module and is not feasible for
grid-connected systems. This method can be employed for module integrated house hold PV
systems, but it may still be expensive since the method requires instantaneous Irradiation and
temperature data from weather stations. In[40] the calculated values are based on the probability
of fault cases occurring, and measured output characteristics are classified in terms of output
voltages from the PV string.
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Advantages :
 The computation is relatively easy since expected yield is calculated from Irradiation and
Temperature data.
Disadvantage:
 Since the expected yield is a calculated value, system losses such as cable losses, joint
losses, etc, is difficult to model thus different methods of manipulating the expected
yields are proposed in the literatures, but still fail to give accurate results.
 Many of the methods uses measurement sensors at every module, for increasing detection
accuracy, This is not feasible for grid-connected PV systems since it is not cos-effective
to provide meters at the end of every panel.

Method 2-Adjacent String Comparison Measurement Techniques(ACMT) :
These methods are only applicable for string inverter system PV farms, where
measurement differences between adjacent strings are used as a reference for detecting faults in
the PV string. . A diagrammatic representation of this method is shown in Figure 17. In [15]
statistical outlier detection method is used, in this method the normal operating PV strings are
found by comparing all the individual string current measurements, then statistical identifier such
as 3-sigma rule, Hampel identifier and Box-plot outlier methods are used to identify which PV
string is faulty. However if this system is applied to large grid connected PV string currents can
significantly vary during normal condition because location of the strings with respect to the
exposed sunlight, Cable impedances etc.. This will cause erroneous fault classifications.
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Figure 17 ACMT method schematic

Advantages:
 Can be used efficiently used for cases where ,there are multiple string for small scale PV
array and the strings are distributed with significant physical space between them so that
two more strings are not exposed to the same shade conditions .
 Computation is easy.
 It is also cost Effective since no Irradiation and temperature sensors are required
 No threshold value needs to be set,

Disadvantage:
 This method assumes that all healthy strings have the same output characteristics, however
in the case of large grid tied PV systems, string currents can significantly vary during
normal condition because location of the strings with respect to the exposed sunlight,
Cable impedances etc.
 It is not able to classify the type of fault.
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 In case more than one string is faulty, such as the case of shading, or Line-Line faults in
between PV strings, then the fault detection gives erroneous results.

Method 3-Power, Energy Loss Analysis Techniques (PELA):
These methods take consideration the energy losses in the PV system, fault classification
and detection is also done based on rate of energy losses in the PV systems. In [26] energy loss
analysis based on monitored data from small grid connected PV systems and satellite derived
meteorological data is used. In [27] ,[43] capture losses in PV system , current and voltage ratios
are used in the fault detection algorithm. . A diagrammatic representation of this method is
shown in Figure 18.

Figure 18 PELA method schematic
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Advantages:
 Able to detect classify faults like inverter shutdowns, snow cover, shading, ,defective
inverters, snow cover.

Disadvantage:
 Some of the methods in this category require meteorological data, and the whole efficiency
of the system depends on the accuracy of the meteorological data. This gives inaccuracies
in the fault detection.


Satellite based method can be too expensive for small scale projects.

 This method is not able to distinguish between Line-Line faults, open circuit faults.
However it is able to detect this fault

Method 4-Machine Learning Techniques by Learning I-V data(MLT) :
Based on the fact that PV yield can vary randomly with the random nature of the
environmental conditions, these techniques use learning methods to train the monitoring units of
the PV system to learn the PV yield trends and use the learned model to detect and classify a
fault thus removing the need for thresholds. . A diagrammatic representation of this method is
shown in Figure 19. Some of the machine learning techniques used so far are Modified ANN
with extension theory [17],Evidence theory and Fuzzy mathematics[14], TSK-FRBS Fuzzy
estimator[19], Bayesian Belief networks[20] to check failure rates, Three layered ANN[21] for
temperature based classification, Decision Tree-Based method[22],learning method based on
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analyzing trend clusters for a yearlong energy yield [24] and Graph based semi supervised
learning [25]
Advantages:
 Threshold levels for faults which are difficult to determine , are not required for this

method. Clustering Algorithm and other learning techniques are able to remove that need.
 Classification Accuracy can reach up to 100 percent.

Figure 19 MLT method schematic

Disadvantage:
 Some techniques require physical fault simulation in the PV circuit to establish training
parameters for the learning algorithm, this is not desirable since it can give to hazards
such as fire etc.
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 Learning cycles for algorithms such as the ANN gradient descent back-propagation can
take long time to converge for final weigh update.
Method 5 Heat Exchange and Temperature Based Models(HETM):
The PV module temperature changes in case of faulted conditions, based on this and the
heat exchanged during a faulted condition, the HETM methods detect and classify faults. . A
diagrammatic representation of this method is shown in Figure 20.

Figure 20 HETM method schematic

Advantages:
 This method does not require Irradiation sensors, which can reduce costs

for fault

detection.
Disadvantage:
 Since the method relies on

difference measure of heat exchange and PV module

temperatures, the methods do not take into account wind speeds, dust distribution which
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cause non-uniform temperature distribution.. For real world application, the method is not
feasible unless a method to calculate the module temperature after taking these factors is
considered.
 This method also considers that the temperature difference between PV cells and the glass
is neglected , also module temperature is same as the healthy cell temperature which may
not be the case for an actual PV module.
Method 6 External Injection Method (EIM):
The EIM methods use external devices such as signal generators for fault detection.
Based on the impedance and or capacitive characteristics of the PV system, they analyze the
signal response to detect and or classify the type of faults in the PV system. A diagrammatic
representation of this method is shown in Figure 21
Advantages
 This method is able to locate the faulted module in the PV string .
 ECM (Earth Capacitance Measurement) technique is able to identify open circuits in
online condition of PV farm.

Figure 21 :EIM method schematic
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Disadvantages
 For TDR the PV plant has to be offline.
 For TDR physical fault simulation is required, since these are used as reference graphs for
fault classification and location.
 External injection devices are required, such as pulse generators and oscilloscopes.
 Since the classification is based on graphical signal response , the results can be very
inaccurate.
 These methods are not appropriate for fault detection, since these signals cannot be
continuously generated. They are appropriate to use when the fault has been found and
location of fault is required.
 Not used commercially since it requires detailed factory simulation of faults in the PV
array is required.

3.2 Faults Identified
Most of the proposed methods for fault classification categorize the faults in either of the
4 detectable fault types which are Module Open circuit, Short Circuit faults such as Line-Line or
Line-Ground faults. Some methods however only propose methods to detect the faults and does
not propose classification algorithm. And there are others which make an analysis of the
classification features of these faults and does not propose or implement a detection means.
Some of the methods [26],[2],[27],[28] classify the faults in terms of energy losses .The
classification is based on the rate of energy loss and not whether the 4 detectable fault types used
for categorization in this paper. Their detectable features in addition include Component failures,
37

Inverter Defects, MPP tracking failure etc. But are not able to classify the various PV DC side
faults. In [41] the particular type of faults the method classifies is fixed object shading, localized
dirt generalized dirt, hot spots, module degradation and excessive losses in DC cables.

3.3 Monitoring Devices Required
The monitoring devices which measure instantaneous electrical performance parameters
such as the DC Current , voltage

and environmental attributes such as Irradiance and

Temperature can be used to first detect a fault and then correctly classify the fault. Usage of
these performance parameters however varies from different proposed fault detection methods.
The Table I aims to clearly represent this disparity in measurement techniques employed by
different authors. One of the methods for fault detection [2]uses the DC input and AC output to
and from the inverter and the import and export of electricity to and from mains to detect the
fault and these values are measured across an allotted period of time of 2 years. In[28] a
supervisory control in addition to the fault detection method is also proposed. Another method
[29] proposes a reconfiguration of the arrangement of the voltage and current sensors to monitor
the system. In [24] yearlong energy yield data of several PV system has been monitored and their
results used for fault detection.

3.4 Target Application
Although there are several PV inverter combinations possible the most common inverter
topologies are the String , Central and Module integrated inverter systems shown in Figure 22.
When considering reliability Module Integrated inverter system is found to be most reliable [30]
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but due to high cost associated with greater number of inverters , the central and string inverter
systems are mostly used . For grid based system, Central inverter system is most widely used
although there are many variants which combine both the central and string topology. Module
integrated inverter systems are mostly used for household systems.

Figure 22 Typical configurations of a PV system
For purposes of fault detection these systems vary in terms of their meter placement, the
meters in the PV system is generally integrated with the inverter and its DC in feed
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measurements can be extracted from these inverters. Thus an increasing number of inverter
means an increase in the number available metering and greater fault observability . Ultimately
the selected inverter topology for grid connected PV systems depend on variety of factors such
as economics, spacing, sunlight illumination etc. The fault detection methods proposed by
several authors thus is in some cases only applicable to one or more of these inverter
configurations.

3.5 Method of Validation
To study the effects and validate the fault detection principle on the PV system the
simulation can be done either through software or experimental or both.
It is not always feasible to experimentally simulate the faults in the PV system specially
a large grid tied system since there can be risks associated with fire and other hazards. The
training costs for simulating faults can also be expensive [22], thus software simulation is
necessary and

various authors have used different software’s to 1) model the PV system for

normal operating conditions and 2) simulate the faults . The software PVNode was used in [31]
to simulate the I-V characteristics from meteorological data . In[[12] the software PSIM was
used to simulate and detect faults in between Branches of the PV string. SolarPro software was
used in [17]to simulate and detect the faults by ANN. The software SUNInspector was used
in[24].[27],[37],[18] uses MATLAB for the simulation. LabVIEW is used for simulation in [41]
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Table 2: Analysis Of Fault Detection method on the DC side of Photovoltaic Plants

9
10
11
12
13
14
15
16
17
18
19
20

[36]
[2]
[17]
[27]
[37]
[28]
[29]
[14]
[38]
[26]
[20
[21]

2009
2010
2010
2010
2010
2010
2011
2011
2011
2011
2011
2011

EIM
DDM
MLT
PELA
DDM
PELA
ACMT
MLT
DDM
MLT
MLT
MLT

√

√

√
√
√
√
√
√
√
√
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[13]

2012

MLT
and
HETM

√

√
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[39]

2012

DDM

√

√

23
24

[28]
[18]

2012
2012

MLT
DDM

√

√
√

√

√
√

25

[24]

2012

MLT

√

√

√

√
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27
28
29

[84]
[15]
[40]
[41]

2012
2013
2013
2013

MLT
ACMT
DDM
PELA

√
√
√

√
√
√

√

√
√
√
√
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[42]

2013

HETM

√

√
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[25]
[43]

2013
2013

MLT
PELA

√
√

√
√

√
√
√
√
√
√
√
√

√

√
√
√
√
√
√
√

√
√
√

√

√
√
√

√
√

√
√

√
√
√
√

√
√
√
√

√
√
√

√

√

√
√

√

√

√

√
√

√

√

√
√

√

√
√
√
√

√
√

√
√
√
√
√
√
√
√
√
√
√

√
√
√
√
√
√
√
√
√
√
√

√
√
√

√

√

√

√
√

√

√
√

√

√
√

√

√

√
√
√

√
√
√

√
√
√
√
√

√
√
√
√

√
√

√

√

√

√

√

√
√

√

√

√
√

√

√

√
√
√
√

√
√
√
√

√

√

√
√

√
√

√

√
√
√

√
√
√
√
√
√
√
√

√

√ √ √

√

√ √ √
√ √ √

√
√

√

√ √ √

√

√

√

√

√

√ √ √
√
√
√ √

√

√

√
√
√

√

√

√ √

√

√ √
√ √ √

√

√

√

√
√
√

√

√
√
√

√
√

√
√

√
√
√
√
√
√
√
√
√
√
√

√

√

√
√
√
√

√ √
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√ √

√
√

√
√

√
√

√

√ √

√
√

√ √ √

√

Experimental

√

√
√
√

√
√
√

√

Simulated

√

√

√
√

Household PV system

√

√

√

Grid Connected

ACMT

√

Module Integrated

2009

√ √ √
√

Central Inverter System

[35]

√

String Inverter System

8

√
√
√
√

Target Application
LCR Meter

√
√
√

Pulse Generator

DDM
EIM
PELA
DDM
EIM
EIM
DDM

Meteorological

1993
1994
2007
2008
2008
2008
2008

Temperature

[31]
[32]
[26]
[12]
[33]
[34]
[83]

Irradiance

1
2
3
4
5
6
7

LG

Fault
detectio
n
Method

LL

Year

Voltage

√

Pap
er
Ref.

Current

Fault Detection

√

Si

Fault Classification

Shade

Open Circuit

Short
Circuit

Measurement Devices

Method of
validation

Faults identified

√
√

√
√

√

√

3.6 Conclusion of Literature review
A total of 32 papers which proposes faults detection and classification method on the DC
side of the PV plant has been analyzed in detail in this literature. Based on the 6 categories stated
in this paper , the number of papers for each type of method is shown in Figure 23. Due to the
non-linear nature of the PV modules, Machine learning techniques have driven more attention
over the recent years. Since threshold values are hard to define for the PV DC system unlike the
conventional grid ,the machine learning techniques may be the more feasible option for accurate
fault detection.

Figure 23 : Number of papers published with regards to method categories

Finally this This survey aims to serve as convenient reference for future work in faults in
DC side of PV plants. This work also aims to be helpful to manufacturers who want to
implement protection on DC side of the PV field. We have compiled to our best knowledge all
the papers regarding this area of studies, and any papers left out is unintentional .
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CHAPTER FOUR:MODELING OF THE PV SYSTEM

4.1 Previous work and limitations :
Several methods has been proposed for modeling of the PV module from manufacturers
data sheet but have certain limitations. The method proposed in [45] is only able to reproduce the
I-V and P-V curves of the solar module under STC conditions, this model on its own is not able
to simulate the characteristics of the PV system for various temperatures and Irradiation.
Another method [46]which characterizes the PV performance is able to simulate the
various characteristics of the PV system but it does so only under fixed STC conditions , for
instance it is able to simulate all PV responses for 1000 W/m2 for different temperatures and
again for fixed temperature of 25 C and various irradiances, but in the case both temperature and
irradiance outside the STC condition , it fails to able to determine the response.
One of the more accurate models for PV systems characteristics emulation is presented
by Ortiz-Reivera et.al[47].This model is able to accurately simulate the Current-Voltage-Power
relationships in a solar module from the Manufacturers data sheet but relies on a parameter Vmin
which is in most cases is not specified accurately from the manufacturers data sheet. This V min is
the open circuit voltage of the PV module at 200 W/m2. The proposed model in this paper does
not use this parameter and is able to accurately represent the I-V characteristic.
Another model [48] is able to correctly reproduce the PV system emulation but it has a
limitation of using fixed ideality factor and series resistance and then model readjustment is
further required to fit the I-V curve. The ideality factor and series resistance varies with change
in temperature so a fixed value of ideality factor can limit accuracy. The value of R s is also found
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through matching the obtained curve with experimental data which is also not possible if we are
to only model the PV characteristics from only manufacturers data sheet.
In [49]a relationship between the series resistance and temperature has been proposed but
in this method the constant temperature coefficient is difficult to find and the author used
differential evolution technique to find it. In[50] iterative solution of R s is provided for only the
maximum power point values and the model considers the Rs as fixed with temperature.
Many methods consider the Ideality factors as constant values for different PV cell
technologies [50],[51],[52],not varying with temperature but it has been found that it does vary
with temperature . In [50] the ideality factor is arbitrarily chosen and then I-V curve fitting is
done to evaluate a suitable value but the method considers a fixed value of ideality factor for
different temperatures.

4.2 Modification to existing models:
In this paper firstly a new and simple method to build a relation between the series
resistance and ideality factor with temperature is proposed. The basis of the method is justified
in the following statements
Using PV remarkable points , it is possible to iteratively calculate the value of N, and via
method proposed in [45],With this method these parameters are extracted for both STC and
NOCT condition.
It is shown in [51]that the series resistance and ideality factor varies linearly with
temperature. The linear relationship of the ideality factor with temperature has been verified
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in[53].With this into consideration and with using available values of temperatures at STC and
NOCT condition two new equations are developed as shown in (eq.25). and (eq.26).
This linear relationship combined with extracted parameters from STC and NOCT along
with previously modelled methods has been used to model the PV cell correctly with varying
temperature and irradiance

4.3 Effect of Temperature and Irradiation on Series Resistance and Ideality factor :
Series Resistance

: Many authors model the series resistance a s a fixed value and

having no change with temperature. But the series resistance does change with temperature and
in many literatures ,its dependence with temperature shown. One of the findings[48] show that
the series resistance changes linearly with the temperature and an increase in temperature
increases the Series resistance.
Another model[49] states the relation between the Series Resistance at any given
temperature by (eq.11). , where
module temperature at STC condition.

is the series resistance at STC condition and
is the temperature coefficient of

is the

, this coefficient

is not given in the manufacturers data sheet and the authors proposes a method of differential
evolution to determine this value.
(

)

( 11 )

Although a direct relationship is not proposed , Eikelboom JA [ 51] shows that the series
resistance strongly depends on the irradiance level and the value increases non linearly with the
increase in irradiation.
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Ideality Factor N : The ideality factor of the PV cell depends on the type of material of
the PV cell technology and while modeling the PV cell characteristics authors generally consider
this value as a constant rather than a variable affected by any external environmental conditions.
Typical Ideality factors for various PV cell technologies are shown in Table 3.
Table 3 : Typical Ideality factor values of different PV cell technology [50]

PV cell Type

Ideality factor ,N

Mono crystalline Silicon

1.2

Poly Crystalline silicon

1.3

AsGa

1.3

CIS

1.5

CdTe

1.5

A-Si:H

1.8

A-Si:H tandem

3.3

A-Si: H triple

5.0

While modeling the solar cell, most authors uses one of the values from the table to
obtain the output characteristic of the PV module. But it has been shown in many literatures that
the ideality factor varies significantly with the change in module temperature. Weidong, X., et al.
(2004).[48] for instance has shown that the ideality factor in fact decreases linearly with increase
in temperature ,In[54] experimental results showed an almost linear increase in ideality factor
with increase in temperature.. Thus, to remove this problem a linear relationship derived from
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manufacturers data sheet has been proposed and utilized in this paper and thus improving the
accuracy of the PV modeling.

4.4 Data used for modelling the PV system
The manufacturers data sheet only gives the PV characteristics under STC condition(
Irradiance at 1000 W/m2,Cell temperature at 25° C) and NOCT ( Irradiation at 800 W/m2 ,
ambient Temperature at 20°C and wind speed of 1m/s). These parameters obtained from the
manufacturers data sheet of Trina solar TSM-290 PC13[54]is shown in Table 3,4and 5. To
obtain the characteristics of the PV cell/ module under different environmental conditions the
values of Rs, RP, IL has to be extracted for every change in value since these parameters are
dependent on the irradiation and temperature.
Table 4 Electrical Data at STC of TSM-290 PC14 SOLAR MODULE

Electrical Data @ STC

TSM-290 PC14

Peak Power-PMAX (W)

290

Power Output Tolerance

0/+3

Maximum Power Voltage-VMPP(V)

36.1

Maximum Power Current- IMPP (A)

8.04

Open Circuit Voltage- VOC (V)

44.9

Short Circuit Current- ISC (A)

8.53

Module Efficiency (%)

14.9

47

Table 5 Electrical Data at NOCT of TSM-290 PC14 Solar Module[54]

Electrical Data @ NOCT

TSM-290 PC14

Peak Power-PMAX (W)

211

Maximum Power Voltage-VMPP(V)

32.6

Maximum Power Current- IMPP (A)

6.47

Open Circuit Voltage- VOC (V)

40.9

Short Circuit Current- ISC (A)

6.97

Table 6 Temperature Ratings of TSM-290 PC14 Solar Module [54]

Temperature Ratings
Temperature Coefficient of PMAX

-0.44%/ °C

Temperature Coefficient of VMPP

-0.33%/ °C

Temperature Coefficient of IMPP

0.046% / °C

4.5 Electrical equivalence and mathematical formulation of the proposed method
This work uses the single diode model (Figure 3) for the electrical simulation of the PV
cell. The parameters used for modeling are shown in Table 7.
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Figure 24 Single Diode Electrical Model of a PV cell[45]
Table 7 :Electrical Parameters Symbol and Definition

Term

Definition

Term

Definition

Photo Current(A)

Reverse Saturation
current of diode (A)

Temperature at STC(°C)

Electron Charge (C)

Cell Temperature (°C)

V

Voltage across Diode (V)

Band Gap Energy

K

Boltzmann Constant
(J/K)

Thermal Voltage

N

Ideality factor of diode

Short Circuit Current Temperature
Coefficient (A°C-1)

RS

Series Resistance of the
cell (Ω)

Open Circuit Voltage Temperature
Coefficient (VC-1)

RP

Shunt Resistance of the
cell (Ω)

Solar Irradiation (W/m2)

From the electrical equivalent model of the PV cell ,we can derive that
( 12 )
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Where
the value of

is the current across the diode and

is the output current. Now by replacing

and
(

)

(

)

( 13 )

Where
(

)

(

[

The proposed model considers q, k,

)]

( 14 )

as the only constants . The fact that the shunt

resistance mainly arises from the manufacturing defects due to the leakage current in the p-n
junction [55],it can be assumed that if we are to model the PV cell from the manufacturers data
sheet, the effect of shunt resistance can be neglected thus many authors considers the shunt
resistance

. The impact of

has also been neglected by many other authors [56]-[66].

Neglecting the -1 term from (eq.13)[47] and RP=

we get

(

(

)

)

( 15 )

Now if we consider the constant ,
( 16 )

We can obtain the relation
(

)

( 17 )

Now using the method employed in [45]we iteratively find the values of C,
(

[

)

,

and

]

( 18 )
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(

)

[

( 19 )

]

( 20 )
(

)

( 21 )

We can use the remarkable points available in the manufacturers data sheet to calculate
these parameters for both STC and NOCT conditions. The ideality factor for the both the STC
and NOCT conditions can then be found from (eq.16) using
( 22 )
( 23 )

Note that if

value is provided as ambient temperature in the datasheet , the

,

value can be converted to module or cell temperature by using the following formula[48]
( )

( 24 )

The value of

and

as found through experimental validation in [67],[53] is

considered to vary linearly with temperature. To find the relation of ideality factor and series
resistance under varying values of T we can

thus formulate from the linear nature of these

parameters that
( )
( )

(
(

)

(

)

( 25 )

)

(

)

( 26 )

The band gap energy and the thermal voltage dependency of temperature is given by:
( )

( 27 )
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( )

( 28 )

Finally the equations relating the PV output current to the input irradiation and
Temperature is given by
(

(

)

( )

(

( )

( ) )
( )

)

( 29 )

Where the reverse saturation current as formulated by Villalva, M. G., et al (2009) [53] is
given by
( )

(
(
( ) ( )

)
)

( 30 )

4.6 Simulation Results and validation
The simulation for the PV panel has been done in MATLAB environment. The technical
details of the PV panel used for modeling has already been discussed in Section 4.3. The I-V
characteristics taken from the same data sheet is given in Figure 25.

Figure 25 Trina Solar TSM-290 I-V characteristics from Manufacturers Data Sheet for varying Irradiance [54]
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The results obtained shows that the model has been able to reproduce the same
characteristics as those specified by the datasheet, thus validating the model Figure 26 and
Figure 27 show the I-V and P-V characteristics of the solar module .

Figure 26 Simulated I-V curve with varying Irradiation for PV panel Trina Solar TSM-290

Figure 27 Simulated P-V curve with varying Irradiation for PV panel Trina Solar TSM-290

Figure 28 and Figure 29 show the temperature variance of the output current and voltage
and evidently producing a decreased output power with increase in Temperature. The short
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circuit current remains fairly the same but there is a modest decrease in open circuit voltage
thereby causing a reduced output power.

Figure 28 Simulated I-V curve with varying Temperature for PV panel Trina Solar TSM-290

Figure 29 Simulated P-V curve with varying Temperature for PV panel Trina Solar TSM-290

Unlike some models where authors assume ideality factors and series resistance as
constants this model takes the temperature variance of all these parameters into consideration.
The temperature dependency of these parameters has been shown in Figure 30.
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Figure 30 PV parameter dependence with temperature
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CHAPTER FIVE: FAULT DETECTION AND CLASSIFICATION USING
PNN

5.1 The PNN algorithm
The Probabilistic Neural Network is a well know Radial Basis Neural Network[68]. For
this application the MATLAB inbuilt toolbox of newpnn was used The PNN network used has 4
layers as shown in Figure 31

Figure 31 Probabilistic neural network architecture[69]

In this classifier when an input is present , the first layer computes the distance from the
input vector to the training input vector. This produces a vector where its elements indicate how
close the input is to the training input. The second layer sums the contribution for each class of
inputs and produces its net output as a vector of probabilities. Finally, a compete transfer
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function on the output of the second layer picks the maximum of these probabilities, and
produces a 1 (positive identification) for that class and a 0 (negative identification) for nontargeted classes.
The number of neurons in the input layer is same as the number of parameters in the
system. In our model the input layer consists of all the training and the testing samples X.
The hidden layer has the pattern units and equals the sample space of the training set, the
pattern unit helps to classify each input in the sample space in the testing stage. The Bayes
classifier , which is basically the conditional probability of the class C i, i=1,2..n, (where n is the
total number of class labels) given that it belongs to the input data[70] set x is given by
( | )

( |
∑

( |

) ( )
) ( )

( 31 )

For an input vector to be classified as belonging to a particular class C i , it should follow
that
( | )

( | )

( 32 )

Where ( ) is the probability of a data being drawn from class Cj .
The prior probability of

( | ) is approximated using the training data input. The

Parzen window estimator [69] which uses the Gaussian function distributed around the center of
the training sample and the distance between the training inputs for the approximation. The
summation layer calculates this conditional probability using (eq.33)
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For the summation layer the number of neurons is equal to the number of classes of the
sample space. In the case of this paper, the Summation layer has 5 neurons. Each of the
summation layer neuron is connected to every neuron in the pattern layer, that falls in the class
what is represented by this unit. Each output from the summation layer represents the probability
for input vector X to belong to class Ci.
( | )
(

)

∑

( )

(

(

) (

)

)

( 33 )

Where Ni is the number of training data inputs from class Ci, σ is the spread parameters,
d is the size of the input sample space,

is the jth training vector in Class Ci.

The output layer contains one neuron, which gives the classification decision for input
vector X [68][70]
O(x)=
(

)

( )

∑

(

(

) (

)

)

( 34 )

5.2 The modelled PV system:
The modelled PV system is a string inverter grid tied 29 kW PV system consisting of one
hundred 290 W type TSM-290 PC14 polycrystalline solar panels and distributed in 20 modules
per string and 5 strings to form the entire PV array. The modelled PV system has been shown in
Figure 32. The electrical characteristics of each panel has already been modelled in the previous
section .
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5.3Types of fault detected and classified
The Figure 32 shows the type of faults which are detected and classified by this method.
The faults detected and classified are
Open Circuit Faults: Open circuit between modules in a PV string can cause major
reduction in power Output. In this paper OPEN50 is when 50% or less number of PV modules
are open in the PV string. OPEN75 is when 75% of the modules in the PV string is open. An
open circuit in the PV string causes a reduction in voltage across the PV string and the current
remains the same. A similar method for detecting Open circuits is presented in [25] where a
central inverter system is used, and they are able to detect completely open Strings rather than
open modules in a string. But since the observability of a string inverter system is more, the
resolution of fault detection is higher and thus this method not only is able to detect if a string in
a PV array has open circuit but also the percentage of modules that is open in the particular
string.
Short Circuit Faults: the type of short circuit faults considered for classification are
Line-Line faults in the PV string. Although Line-Ground faults are also possible they are
protected by conventional Ground Fault protection devices GFPD[25]and unlike line-line faults
in PV systems their fault currents are large enough to be cleared by GFPDs. A line to line fault
unlike the open circuits bring a significant change to the current and voltage across the string .
For the fault analysis, the PV array is only considered the source of the fault current, since
galvanic isolation is present between most PV inverters and the utility grid[23].
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Ambient Temperature Sensor
Monitoring System

Irradiance Sensor

IMPP
VMPP

20 modules/ string
OCPD FUSES

PV Array

Open50,Open75

F1

L-L Fault Inter String

F3

STEP UP
TRANSFORMER

F2

L-L FAULT String and (-ve)
UTILITY
GRID

F4
Momentary Shade:
OPEN50,OPEN 75 for <tshade
mts

PV MODULE

INVERTER

Figure 32 :Modelled PV system and types of fault in DC side of a Distributed Inverter System PV park

Momentary Shade : Large grid tied PV systems are mostly constructed in areas where
they are less susceptible to object shading such as poles, trees, buildings etc. The most common
form of shading for these PV systems are Momentary shading by Clouds and rainfall, and since
the grid tied PV system can span over large areas, the shading may temporarily isolate one or
more string. The PV output characteristics during these momentary shading is similar to that of
open circuit .It varies however in respect to the time the circuit remains open. Since almost all
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PV systems come with bypass diodes now, the issue of “ hot spots” is neglected. The proposed
fault detection algorithm uses the time factor of the shading occurrence for shade detection.

5.4 Fault detection method
Instantaneous IMPP,
VMPP, Irradiation and
Temperature Data from
Metering units at each string

If first
energization
NO

YES

PNN based
Classification Start

Data logging for predefined
period of time ( 15 minutes
interval for Tinit days)

Data Processing
1.Simulate fault values using
Tinit day measured values.
2. Train the PNN with the
measured normal and simulated
Fault values

Open50

Open75

Start ON DELAY
TIMER SET
tshade

Start ON DELAY
TIMER SET
tshade

If fault expires
within tshade

If fault expires
within tshade

YES

START Fault
Detection

Normal

NO

Fault Alarm
Momentary
Shading

Fault Alarm
Open50

YES

NO

Fault Alarm
Momentary
Shading

Figure 33 Flow chart of proposed fault detection method
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Fault Alarm
Open75

Fault Alarm
Line-Line
Fault

Input parameters to the Model
 Irradiation (W/m2)
 Temperature(°C)
 VMPP (V)
 IMPP(A)
PNN model used
 5 Input Vector X(β

VMPP, IMPP, PMPP)

 4 Class Vector Y ( Normal, Open50,Open75,LL)
Fault detection and algorithm description
Figure 33 shows the flow chart for the fault detection and classification method. The
steps for real time application are stated below.
 Step 1 Initiate: Upon energization of the newly erected PV plant, the data logger
starts storing the PNN input vectors in 15 minutes interval for 3 days.
 Step 2 Data Preprocess: Simulator calculates the fault values for the 3 day logged
data. Then trains the PNN network using these values.
 Step 3 Fault Detection Start: Initiate Fault detection using instantaneous
Measurement Data
 Step 4 Classification Stage : Classification done as Normal, Open50,
Open75,LL.If Open 50 or Open75 detected start timer . Timer is set to tshade which is the
average time a shade caused by cloud can occur in that area. If Open circuits persists upon
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expiration of timer, fault is classified as either Open50 or Open75. If Open circuit
extinguishes within period of tshade , Momentary shade is classified.

5.5 Experimental Results and validation
For the Experimental simulation, the Classification stage has been validated using
MATLAB simulation. The MATLAB code was developed using the MATLAB m-file editor
toolbox. The test results and performance of the fault algorithm are shown in the following
sections.

5.5.1 Initial Testing prior to optimum model convergence :
In-order to obtain the optimum classification model, several tests were done before
converging to the optimum model. In the following test result OPEN1 is when one module in the
PV string has open circuit, OPEN25 is when 25 % of the module is open circuit, OPEN 50 is
when 50 percent of the module is open circuit, OPEN75 is 75% module open circuit and finally
LL is line – line fault.
The number of training data , testing (validating) data and detection accuracy is given for
every test phase . The training and testing data distribution is also given in the graphs shown. It is
found eventually as can be seen from the test results that OPEN1 model data overlaps with
NORMAL test data and there is significant misclassification when the system is set to detect 1
module open circuit in a PV string. OPEN 25 also shows misclassification but error rate is lower
than that of when OPEN 1 is available.
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Finally the optimum fault classification is found with class labels as NORMAL,
OPEN50, OPEN75 and LL fault. The model is able to converge to 100 % correct classification ,
The detailed result and discussion of the optimum model is discussed in section 5.5.2
Test Case 1,2,3,4 5 show the result prior to converging to the optimum model. It can be
seen that for Test Case 5 , 100 % classification accuracy is achieved
TEST CASE 1

Figure 34 Fault Classification Testing Dataset Test 1

Table 8 Detection and classification results by PNN with optimum σ= 49

Faults

# of Testing Data

# of Testing Data

Classification and Detection
Accuracy ( %)

Normal

52

25

76

Open25

52

25

80

Open1

52

25

52

Open50

52

25

96

LL

52

25

100

64

TEST CASE 2

Figure 35 :Fault Classification Testing Dataset Test 2

Table 9 : Detection and classification results by PNN with optimum σ= 49

Faults

# of Testing Data

# of Testing Data

Classification and Detection
Accuracy ( %)

Normal

95

45

47

Open25

95

45

71

Open1

95

45

42

Open50

95

45

91

LL

95

45

100

65

TEST CASE 3

Figure 36 Fault Classification Testing Dataset Test 3

Table 10: Detection and classification results by PNN with optimum σ= 49

Faults

# of Testing Data

# of Testing Data

Classification and Detection
Accuracy ( %)

Normal

15

45

55

Open25

15

45

33

Open1

15

45

40

Open50

15

45

67

LL

15

45

97

66

TEST CASE 4

Figure 37 Fault Classification Testing Dataset Test 4

Table 11: Detection and classification results by PNN with optimum σ= 49

Faults

# of Testing Data

# of Testing Data

Classification and Detection
Accuracy ( %)

Normal

50

45

82

Open25

50

45

64

Open50

50

45

67

Open75

50

45

100

LL

50

45

100

67

TEST CASE 5

Figure 38 Fault Classification Testing Dataset Test 5

Table 12: Detection and classification results by PNN with optimum σ= 4

Faults

# of Testing Data

# of Testing Data

Classification and Detection
Accuracy ( %)

Normal

50

45

100

Open50

50

45

100

Open75

50

45

100

LL

50

45

100
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5.5.2 Training Data of Optimum Classification Model:
Using the model described in the previous section, I-V data has been simulated for Solar
Irradiation at an interval of 100W/m2 from 100W/m2 to 1000W/m2 and for each Irradiation level
the temperature has been varied from 25°C to 55°C in with an interval of 10°C. The training data
distribution has been shown in Figure 39.These are now the labeled data which will be used to
test and validate new unlabeled data in the testing stage.

Figure 39 Training Data distribution for varying Temperature , Irradiance with the Maximum Power Point Power

Testing and validation for classification has been done for unlabeled data . Irradiation
data of 180 W/m2 to 980 W/m2 with increment of 50 W/m2 and temperature of 20 to 60 with
increments of 10 has been used .The distribution of testing and training data has been shown in
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Figure 40 Testing and Training Data Distribution

The classification varies with the spread parameter σ of the PNN algorithm. It can be
seen that σ

nearing 50, the mean accuracy nearly converges to 100 %. The individual

classification results with σ=4 has been shown in Table 13 . Classification results for all the
cases show that accuracy is almost 100%.
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Figure 41 Mean Accuracy convergence with varying σ
Table 13: Detection and classification results by PNN with σ= 4

Faults

# of Testing Data

# of Testing Data

Classification and Detection
Accuracy ( %)

Normal

50

85

100

Open50

50

85

98

Open75

50

85

96

LL

50

85

98
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CHAPTER SIX: CONCLUSION
The literature review of this paper provides a good starting point for researchers and
manufacturers who are working on this field. The analysis of the proposed methods clearly
marks the differences between the various fault detection methods proposed by the various
authors. The experimental results on modeling the PV panel from manufacturers data sheet
show that , it can be used to model any solar module through software. The results from the fault
detection method also conclude that it can be used for identifying Open Circuits and Line-Line
faults for grid connected PV farms.

Due to the lack of availability of solar panels , or actual PV system experimental
validation has not been done. An extension of this research can be experimental validation. Also
when more class attributes such as 25% module open circuit or 1 panel open circuit was
simulated the classification accuracy was reduced to a mean of 82 %, since 25 % module open
circuit overlapped with normal operation data. The partial shading detection algorithm was also
not experimentally validated but the simple method and its application justification for grid
connected PV systems should allow it to accurately be classified when there is an occurrence of
such sort of shading..
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